
Wind Flow Modeling



• Why do we need wind flow modeling?



• Why do we need wind flow modeling?

• Because we don’t have measurements at 
every potential turbine location.

• Wind flow modeling is relatively uncertain.



• The handbook does not prefer one method 
over another.

• There are four categories of wind flow 
models.



• Conceptual models

• Experimental models

• Statistical models

• Numerical wind flow models

Types of Wind Flow Models



• A good conceptual understanding of wind 
flow is valuable in all spatial modeling.

• What are some examples of conceptual 
models?

Conceptual models



• The influence of elevation on mean wind 
speed.

• Winds on upwind slopes versus downwind 
slopes.

• Channeling through mountain gaps.

• Impact of trees and other vegetation.

Conceptual models



Experimental models
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13.1. TYPES OF WIND FLOW MODELS 

Spatial modeling approaches can be conveniently classed in four general categories: conceptual, 

experimental, statistical, and numerical. 

 

Conceptual Models 

Conceptual models are theories describing how the wind resource is likely to vary across the terrain. They 

are usually based on a combination of practical experience and a theoretical understanding of boundary 

layer meteorology.  

 

A very simple conceptual model might state that the wind resource at one location (a turbine) is the same as 

that measured at a different location (a met mast). This could be a good model in relatively flat terrain or 

along a fairly uniform ridgeline, for example. Where the terrain and land cover vary substantially, a more 

nuanced picture is usually required. This might include theories concerning the influence of elevation on 

the mean wind speed, the relationship between upwind and downwind slope and topographic acceleration, 

channeling through a mountain gap, and the impact of trees and other vegetation. These concepts or 

theories are then turned into practical recommendations for the placement of wind turbines, accompanied 

by estimates of the wind resource they are likely to experience. 

 

As wind projects become larger and are built in ever more varied wind climates, it becomes more and more 

difficult to implement a purely conceptual approach in a rigorous or repeatable way. Nevertheless, a good 

conceptual understanding of the wind resource is a valuable asset in all spatial modeling. Most important, it 

provides a check on the reasonableness of other methods. A good conceptual understanding is better than a 

bad numerical model, or a good numerical model that is wrongly applied. 

 

Experimental Models 

Experimental methods in this context refer 

mainly to creating a sculpted scale model of a 

wind project area (such as that shown in 

Figure 13-1) and testing it in a wind tunnel. 

(This is also known as physical modeling, a 

term we avoid because of possible confusion 

with numerical wind flow models, which are 

based on physical principles.) The conditions 

in the wind tunnel - such as the speed and 

turbulence – must be matched to the scale of 

the model to replicate real conditions as 

closely as possible. While the wind tunnel is 

Figure 13-1 Scale model of Altamont Pass used in wind tunnel 

tests. (Source: Lubitz, W.D. and R.B White, “Prediction of 

Wind Power Production Using Wind-Tunnel Data, a 

Component of a Wind Power Forecasting System” 

(Proceedings of AWEA WindPower 2004) 



• What are the potential benefits and 
problems with this approach?



• Wind tunnel speed and turbulence must be 
matched to the scale of the model to 
replicate real conditions.

• Takes time and skill to build such a model.

• Difficult to reproduce some conditions, 
such as thermally stable conditions.



• Based entirely or mostly from on-site wind 
measurements.

• Use several predictive parameters to find 
those that have the strongest relationship 
with the wind observations at several 
masts.

Statistical models



• What parameters might one use?



• Use parameters for which there is a 
reasonable physical basis for believing a 
relationship should exist.

• A good conceptual model is valuable.



• Some parameters that might be considered:

• Elevation

• Slope

• Exposure

• Surface roughness



• Statistical models are grounded in 
measurement, fairly simple, and transparent.

• Can work very well, especially for wind 
climates driven by synoptic-scale winds 
(i.e., when thermally driven mesoscale 
circulations are absent).

• Strong relationships between speed and 
topography occur in these situations.
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Figure 13-2 Data from pairs of 74 towers in seven wind resource areas indicate a significant relationship between 

the differences in mean speed and downwind exposure. Such a statistical relationship can be used to predict 

variations in wind speed across a project area. (Source: AWS Truepower) 

 

One of the potential limitations of statistical methods is that they can produce large errors when making 

predictions outside the range of conditions used to train the model. Suppose, for example, that one has data 

from three towers at varying elevations along a ridge top. Will the relationship between mean speed and, 

say, elevation implied by these three towers hold when predicting the speed off the ridge top? Not 

necessarily, because the topographic influence on the wind flow may be very different at the top compared 

to the slopes. In this respect, statistical models can be less reliable than numerical wind flow models, which 

are designed to produce plausible (if not accurate) results in a wide range of conditions. 

 

Determining the accuracy of a statistical model is a particular challenge of this approach. To derive an 

objective estimate of the uncertainty, it is necessary to divide the dataset into two groups: one to train the 

model, the other to validate the model. The most rigorous procedure is to derive empirical relationships by 

fitting variables and functions to the “training” data and then determine the error with respect to the 

“validation” data that have been withheld. Many sites lack sufficient data with which to conduct such a 

validation. In such cases where the validation data must be included in the training data set, there is a 

tendency to underestimate the errors.  

 

Nevertheless, statistical models are a valid approach when proper procedures are followed. Statistical 

methods can also be combined with other approaches, such as numerical wind flow models. A good 

example of this is the Ruggedness Index (RIX) correction that is sometimes used with the WAsP model 

(described below). RIX is a parameter that has been found through statistical modeling to be a good 

predictor of WAsP errors in some circumstances.  
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• A problem with statistical models is 
potentially large errors when results are 
extrapolated outside the range of 
conditions used to develop (or train) the 
model.



• Determining the accuracy can also be 
challenging. 

• Usual method is to withhold some data 
from the training set to use for validation.

• Statistical models can be combined with 
other wind flow modeling approaches, such 
as numerical flow models.



• Mass-consistent

• Jackson-Hunt (small hill)

• computation fluid dynamics (CFD)

• mesoscale NWP

Numerical flow models



• First generation of wind flow models 
(1970s and 1980s)

• Solve just one of the physical equations 
governing fluid flow: Mass conservation.

• Stronger winds on hills and ridges.

• Cannot handle thermally driven winds or 
flow separation in lee of hills.

Mass-Consistent Models



• Solution is not unique so constraints must 
be added, such as a first-guess field or 
measurements from towers.



• Next generation: 1980s and 1990s.

• Based on theory of Jackson and Hunt 
(1975).

• Model assumes that terrain causes a small 
perturbation to a constant background 
flow.

Jackson-Hunt Models



• WAsP is a J-H model developed at Riso 
Nat’l Lab. of Denmark.

• Still is most widely used numerical wind 
flow model.

• Especially popular in Europe.
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Figure 13-3 WAsP, depicted here, is a popular wind flow modeling application. Like other Jackson-Hunt models 

as well as mass-consistent models, WAsP captures the tendency of wind speed to increase over high ground 

and decrease in valleys. Ridges oriented perpendicular to the flow exhibit the greatest topographic acceleration. 

(Source: WAsP). 

 

In addition to implementing the basic Jackson-Hunt approach, WAsP contains several modules that address 

various needs in wind flow modeling, including the ability to incorporate the effects of surface roughness 

changes and obstacles. Perhaps because WAsP was developed in the relatively flat terrain of northern 

Europe where roughness changes and obstacles are among the main factors influencing the wind resource, 

these modules have been developed to quite an advanced degree. 
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It is widely recognized that WAsP – along with other Jackson-

Hunt models – is not equipped to handle complex terrain. 

“Complex” in this context is usually defined as terrain where the 

slope exceeds 30% over a significant portion of the area. The 

essential problem is that steep terrain induces changes in the 

wind flow that do not satisfy the assumption of a small 

perturbation. The overlooked effects may include recirculation 

behind cliffs, flow separations at abrupt changes in slope, and 

vertical winds.  

 

The WAsP model also ignores effects of thermal stability and 

temperature gradients. Thermal stratification and buoyancy 

forces can have a large influence on the response of wind to 

terrain. When the boundary layer is thermally stable, the air near 

the surface is cooler and denser than the air aloft. The wind 

therefore resists going over higher terrain, and instead seeks a 

path around it, through channels or gaps, or is blocked. Indeed, 

when WAsP was first applied in coastal mountain passes where 

the first U.S. wind farms were built, it failed to predict the wind 

resource distribution accurately. This experience gave wind flow 

modeling something of a bad name in U.S. wind resource 

assessment circles.  

 

Despite its known limitations, WAsP remains very popular. This 

is partly because many wind project sites do not involve very 

steep terrain or significant mesoscale circulations. In addition, practical steps can be taken to improve the 

results. One method is to install additional masts so as to limit the distance over which the model must 

extrapolate the resource. Also, in some instances, it has been shown that errors can be reduced through  the 

RIX adjustment. The RIX parameter represents the proportion of terrain upwind of a point exceeding a 

certain slope threshold, such as 30%. Relative wind speeds between two points are adjusted according to a 

simple formula that depends on the difference in RIX between them. Experiments have shown that this 

adjustment can be quite effective. 

 

Finally, more sophisticated models (described below) are sometimes no more accurate than first-or second-

generation wind flow models. This last point reflects a hard truth of atmospheric modeling: it is 

exceptionally difficult to do it well, and sometimes it is better to ignore aspects of wind flow one cannot 

simulate well than to simulate them poorly. 

Figure 13-4 The WAsP mapping process. 

(Source: WAsP) 



CFD Models
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CFD Models. As personal computers have grown more powerful, it is natural that CFD models – computer 

programs designed originally to model turbulent fluid flows for airplane bodies, jet engines, and the like – 

would be turned to the task of spatial wind resource modeling. 

 

The critical difference between CFD and Jackson-Hunt models is that CFD models solve a more complete 

form of the equations of motion known as the Reynolds-averaged Navier-Stokes, or RANS, equations. 

They do not assume the terrain induces a small perturbation on a constant wind field. This means they are 

capable of simulating non-linear responses of the wind to steep terrain, such as flow separation and 

recirculation (Figure 13-5). They also do not have to make certain other simplifying assumptions, such as 

that shear stress and turbulence act only near the surface. This, in turn, allows CFD models to simulate the 

influences of roughness changes and obstacles directly. (WAsP and other linear flow models, in contrast, 

generally do this in separate modules.)  

 

Although CFD models have not always 

proven to be a significant improvement over 

other modeling techniques, they nonetheless 

represent an important new tool in the 

resource analyst’s toolkit. Among their 

advantages are that they provide an 

independent picture of the wind resource that 

often looks quite different from that generated 

by Jackson-Hunt models like WAsP; and they 

can provide useful information concerning 

turbulence intensities, shear, direction shifts, 

and other features of wind flow in complex terrain.  

 

Some CFD models have shown very good agreement to wind tunnel experiments for 2D and 3D flows 

around idealized escarpments and steep hills, even on the lee side with the recirculation zone. 43, 44 At the 

same time, validation tests of CFD models in real conditions have sometimes proved disappointing. The 

Bolund experiment undertaken by the Risoe Lab (Denmark) involving more than 35 different CFD models 

showed that “the average overall error in predicted mean velocity of the top ten models (all RANS-based) 

was on the order of 13-17% for principal wind directions.” 45  

                                                           
43 Bitsuamlak, G. T;  Stathopoulos, T;  Bédard, C., “Numerical Evaluation of Wind Flow over Complex Terrain: 

Review”. J. Aerosp. Engrg. vol. 17,, pp. 135-145. (2004). 
44 Murakami, S; Mochida, A; Kato, S., “Development of local area wind prediction system for selecting suitable site for 

windmill”. J. Wind Eng. Ind. Aerodyn., vol. 91, pp. 1759-1775. (2003). 
45 Sumner, J., C.; Watters, S; Masson, C., “CFD in wind energy: the virtual, multiscale wind tunnel”. Energies, vol. 3, 

pp. 989-1013. (2010). 

Figure 13-5 CFD models like WindSim, depicted here, are 
capable of simulating non-linear flow features as recirculation 
behind steep terrain. (Source: WindSim) 



Mesoscale NWP Models
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Figure 13-6 Top: Wind resource maps created by the SiteWind mesoscale-microscale modeling (top, left) system 

and by WAsP (top, right). The SiteWind map shows the wind resource concentrated on the eastern slopes 

approaching Byron Highway, the result of gravity acting on relatively cool, dense marine air. WAsP suggests the 

wind resource is more widely distributed and is at a maximum at the top of the pass. Bottom: Comparison with 

observations indicates the SiteWind analysis is more correct. 49) 

 

                                                           
49 Reed, R; Brower, M; Kreiselman, J., “Comparing SiteWind with standard models for energy output estimation”. 

Proceedings from EWEC, London, UK. (2004). 
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